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This potential is seen to arise on the one hand from a combination of various physical properties which is useful for several classes of electronic and particularly optoelectronic devices, and on the other hand from the fact that thin film fabrication and low cost starting materials could give it significant cost advantages over other semiconductors. The obvious lack of widespread application is traced to three fundamental problems : 1) Lack of control over minority carrier behavior ; 2) Erratic and non reproducible performance of thin films ; 3) Lack of good contacts to low resistivity p-type material. Some suggestions on further work in these areas are also advanced.
II. APPLICATIONS OF CADMIUM TELLURIDE AND DEVICES BASED ON THIS MATERIAL.
Section II. 1 : CdTe nuclear detectors.
a) General properties.
1. Introduction. - Cadmium telluride has been known as a compound for -100 years. In 1879 it was prepared along with many other tellurides in France by the chemist Margottet, who reacted Te with the metals at red heat. As reported subsequently by Fabre [1] ] who determined the heat of formation of the compound in 1888, this process leads to wellcrystallized material. Thus we can see that ease of preparation has been a hallmark of CdTe from the very beginning and the basic method of preparation has changed little to this day. Tibbals [2] [3] . In 1946, however, Frerichs and Warminsky [4, 5] reported that Incomplete Phosphors, such as the chalcogenides of Cd, in thin film form were highly photosensitive to a range of photon energies including and y radiation. They ventured the suggestion that the effect could be used for the fabrication of y-ray image converter tubes, or if combined with suitably efficient amplifiers, in y-quantum counters.
By 1948 photocells of CdTe were already being built [6, 7] and it was noted that preparative and heat treatment conditions as well as stoichiometric excesses of either kind were of great influence in the functioning of these devices. In the 1950's several detailed investigations of the behavior of CdTe single crystals were made [8] [9] [10] , in particular, Kroeger and de Nobel [11] ] and Boltaks, Konorov and Matveev [12] did detailed doping studies which established the basis for various uses of the compound. Finally in 1959 de Nobel's [13] [15, 16, 17] . Also with the advent of single crystal CdTe, many of the optical properties have been much improved and single crystal windows are now commercially available [18] . More recently CdTe has been discussed as a material for very high power CO2 laser windows [19] and it indeed has potential in this area, although its low thermal conductivity as well as low mechanical strength make it imperative that it be prepared with extremely low absorption at 10.6 u. An in-depth review of the problems and tradeoffs in the very high power laser window field has recently been published by Deutsch [20] . Also in a later paper in this symposium, some of the problems will be treated in more detail by Bell [21] . It [22, 23] . CdTe has the zincblende (43 m) structure ' so it lacks a center of symmetry. The maximum phase retardation will be for light propagating along the (110) direction, polarized in the (100) , with the electric field in the other (110) [18] .
Optical mixing [25] and continuous second harmonic generation [26] using CdTe have also been demonstrated, and finally the Franz-Keldysch effect has been used for modulation in the very near infrared using 1 p thick CdTe films [27] .
Obviously 50 % of the maximum current [29] (Table II) [33, 34] (Table III) it apparently has not been applied in this area. However, according to Bell [35] , White [36] showed that the ultrasonic gain, a, for an acoustic wave is given by [44] and particularly MgTe [45] [46] [47] has been successful and by further alloying of CdTeMgTe with Se the luminescence was shifted far out into the green at 540 nm [48] .
In all these solid solutions the general mechanism of the recombination appeared to be the same as in pure CdTe, namely an emission at two wavelengths, one close to the bandgap energy and another one of the order of 10 Light stimulated emission [49] and electron beam stimulated emission [50] has also been observed as well as recombination radiation [51 ] high. In addition to its near ideal bandgap, CdTe has a high optical absorption coefficient, which we have recently redetermined and found to be even higher than found previously [53] (Fig. 3 [54] [55] [56] [57] [58] [59] . However, the high efficiency predicted by Loferski (Table IV) . [62] explaining in some detail the advantages of high z compounds for y-ray spectrometers when used in oil-bore-hole analysis, and CdTe was specifically mentioned as one of the desirable choices. However, nothing practical resulted according to one of the inventors [63] because the material was not readily available.
In 1966, however, Arkadeva et al. [64] published a paper on the subject and shortly thereafter the first paper by Mayer [65] appeared which marks the beginning of the continuing work at Hughes Research Labs. The subject is also treated in detail in the well known review paper by Mayer [66] Illustrative for this group are the applications reported by Bakirov et al. [68] and Yoshida et al. [69] (Fig. 5) . The latter one is certainly an interesting application with considerable market potential. More unique uses are reported in refs. [70] and [71] . In the second group of more active devices we find an investigation of thin film triodes by J. Reynaud et al. [72] which appears quite interesting and the use of CdTe as a non-linear load impedance in integrated circuits [73] .
Recently, CdTe has also been employed in conjunction with CdS in a Matrix Photoelectric Image Converter [74] and similarly in Thin Film Photodiode Matrices [75] . Finally in 1975 a novel charge storage diode structure again based on n-CdS-p-CdTe has been described [76] , unfortunately, with little reference to the properties of the CdTe used (Fig. 6) [77] and [78] (Fig. 7) . On the other hand CdTe has been employed in more esoteric uses such as in catalysis [79, 80] (Fig. 8) . However, the concentration of midgap centers in such materials is quite low. This brings us to another aspect of the problem which is best illustrated by making reference to one figure from the paper by Morehead [38] (Fig. 9) These points have been described in a general way already by Cusano [96] in his 1967 review.
Although originally there were several hypotheses which involved only the presence of crystallographic line or volume defects to explain the high resistivities and anomalous photovoltage obtained [97, 98] , further investigations demonstrated that there must be a significant influence of point defects, and Cd or Te vacancies or complexes involving these were invoked to explain the effects [98] (Fig. 10) [100] and particularly the role of oxygen [101] and of grain boundaries [102] has been evaluated only in a preliminary way.
Also, some observations require the presence of two different defects for their explanation [103] and the presence of large numbers of two kinds of defects has recently been assumed in a new model in which the high resistivity in CdTe films is explained by postulating that the trap dominated lifetime in CdTe is shorter than the dielectric relaxation time of the semiconductor as it is in amorphous materials [104] (relaxation semiconductor behavior). Also, in the previous solar cell work by both Cusano [60] and Lebrun [61] ] it was shown that (at least for n-type) polycrystalline films with suitable concentrations and mobilities for majority carriers could be achieved. Thus, inhibition of majority carrier flow by extremely low mobility in the grain boundaries [102] [106] from which the above definition has been adapted. 286 They also note the two main principles by which contacting may be achieved : a) Establish a proper work-function match on the surface so that the contact may provide a sufficient carrier supply under all conditions of operation. b) Lower the surface barrier and cause it to be as thin as possible by heavily doping the region underlying the contact to provide a high tunneling probability for carriers from the semiconductor to avoid rectification.
In both cases one has to start by knowing the nature of the semiconductor surface which determines its electron emission behavior (work-function).
On the most fundamental level, this involves a consideration of surface bonding which leads to the concept of surface states which in turn determine the behavior of the metal semiconductor barrier [107, 108] .
In this scheme, then CdTe appears as a special case of a covalent, surface state dominated material [109] .
The fundamental surface properties of CdTe relevant to contacting have been evaluated in the classical paper by Swank [110] (Table VI) . His deter- [101] . Lebrun [61] for instance demonstrated that a freshly vacuum evaporated film of n-type CdTe when contacted immediately with Cu2 _ xTe formed a barrier which increased appreciably when exposed to air and even more when exposed to ozone (Fig. 11) [112] into p-type, for instance when heated in vacuum or inert atmosphere. However, when oxygen is present during heating, preferential oxidation of the Cd to CdO can occur on the surface. In this way, n-p-p structures on p-type material and n-p-n structures on n-type are formed [113] (Fig. 12) . Hence [120, 86] resulting in reasonably ohmic contacts to p-type materials.
Since Te [121] and many of the tellurides [121] which are generated by this method are degenerate semiconductors, one might envision a quasi-ohmic contact to be formed if the right relationships of the respective valence bands occurred (Fig. 13) We can now compare this against the total reserve of Te (which we will assume is limiting) from copper and lead ores in the U. S., which has been estimated as 3,268 tons [123] . This, for the first case would only give us 5.5 (peak) GW of electric power from indigenous U. S. Te resources, scarcely enough to make a difference, since the total installed electrical capacity in the U. S. in 1974 was 495 GW [124] and not more than a 20 % duty cycle can realistically be expected from a solar power plant, whereas the duty cycle for overall electric power generation was -45 % [124] . The Finally, the contact/barrier questions now existing need to be clarified since in some classes of devices (such as solar cells) they could be the limiting factor to the realization of simple homojunction devices, and even in y-ray detectors they appear to be one factor which causes a lot of trouble in the application of the devices.
